Perisynaptic Schwann cells (PSCs), descendants of the myelinating Schwann cells, cover the axon terminal of the vertebrate motor endplate of the skeletal muscle fiber. PSCs are assumed to support the function of the axon terminal. This function suggests a net material transport in the direction of the axon terminal. Morphologically it is to be expected that these cells have a cytoskeleton aligned to the axon terminal. Investigations clarifying this statement have not yet been undertaken. From previous investigations we know, however, that the PSCs have a microtubule-organizing center, which is a part of this cytoskeleton. The centrioles of the organizing center may also participate in the formation of a modified cilium structure whose function is unknown. In the present investigation, characteristic ultrastructural features of the modified cilium structure and its relationship to the Golgi apparatus and the axon terminal are presented. A function for the modified cilium structure is discussed.
INTRODUCTION
In vertebrates, perisynaptic Schwann cells (PSCs) are involved in the building of the motor endplate (MEP) of skeletal muscle fibers (for review, see Salpeter 1987b) . Because PSCs express Schwann cell-specific proteins, it is assumed that they are related to myelinating Schwann cells (Georgiou and Charlton, 1999) . The PSCs cover over the axon terminal without myelinization and are thought to support the functions of the axon terminal (for review, see Salpeter, 1987b) . This would require a directed net transport in the direction of the axon terminal. According to that, it can be shown by light-microscope that Schwann cell-specific membrane proteins are preferentially incorporated into the Schwann cell membrane facing the axon terminal (Georgiou and Charlton, 1999) . From lightmicroscopic investigations at myelinating Schwann cells it is known that in these cells the transport occurs bilaterally to the nodes of Ranvier (Kidd et al., 1994) . In order to understand the directed transport processes, the orientation of the cytoskeleton and the organization of the organelles is important. From other cells it is known that microtubules participate in this function (Cole and Lippincott Schwartz, 1995) . In many cell types microtubules are nucleated from a microtubule-organizing center that forms a network throughout the cytoplasm (for review, see Cole and Lippincott Schwartz, 1995) . Nucleation at a microtubule-organizing center has not yet been verified by light microscopy for myelinating Schwann cells (Kidd et al., 1994) . Nonetheless, a modified cilium structure which is a presumed part of the cytoskeleton could be found in connection with the centriole in myelinating Schwann cells (Morris et al., 1972) . In our ultrastructural investigations of MEPs of mammals and frogs , we have occasionally observed cilium-like structures in the PSCs.
With further evaluation of serial sections we show for the first time a modified cilium structure. The characteristic features of this cilium-like structure in Schwann cells of the MEP of skeletal muscle fibers of mice and different frog species are morphologically described.
MATERIALS AND METHODS
The investigations were carried out using the diaphragm dissected from mice and the sartorius muscle dissected from frogs (Dauber and Meister, 1986; Dauber et al., 1999 Dauber et al., , 2000 Voigt et al., 2002) . Unless otherwise mentioned, a 0.1 mol cacodylate buffer was employed as buffer solution. Anesthetized mice (n ϭ 7; NMRI ϩ wildtype) were perfused and fixed with 2.5% glutaraldehyde from the left ventricle (for further details, see Dauber and Meister, 1986) . The middle third of the diaphragm, including the MEPs (Bowden and Duchen, 1976) , were divided into portions and postfixed at 4°C by one of the following procedures: 1) our routine procedure using 1% osmium tetroxide for 2 hours (Dauber and Meister, 1986) ; 2) the imidazoleosmium procedure using 1% osmium tetroxide in 0.1 mol imidazole for 1 hour (Voigt et al., 2002) ; and (3) lanthanum incubation using 1% osmium tetroxide with 0.08% potassium ferrocyanide for 3 hours and incubation thereafter for 1.5 hours in 1% lanthanum nitrate .
The sartorius muscles of the frogs (Xenopus laevis n ϭ 1, Rana esculenta n ϭ 1, and Rana temporaria n ϭ 3) were fixed with 2.5% glutaraldehyde and postfixed for 3 hours at 4°C in 1% osmium tetroxide with 0.08% potassium ferrocyanide (for further details, see .
All samples were dehydrated and embedded in EPON. For locating MEPs in longitudinal and crosssections, two different search techniques were applied. Unlike in frogs, MEPs can be identified in semithin sections of longitudinal embedded muscle tissue of mammals by means of the accumulation of big rounded sole plate nuclei in areas densely populated by mitochondria (Dauber et al., 1999) . A series of 25 thin (100 nm) sections were cut from theses areas. Both in longitudinal sections of frog muscles and in cross sections of mouse and frog muscles, sole plate nuclei and muscle fiber nuclei cannot be distinguished due to their shape. Thus, in these cases myelinated axons between muscle fibers are examined in semithin sections and in each case a series of 50 thin (100 nm) sections were cut. In order to overcome the problem of grid bars obscuring the areas of interest, the sections were mounted on slotted grids. The film stability was increased by the addition of 25 l dibutyl phthalate to 50 ml 0.5% pioloform (Kneissler, 1997) .
The sections of muscle tissue fixed according procedure 1 were stained with uranyl acetate and lead citrate (Reynolds, 1963) ; sections of muscle tissue fixed according to procedures 2 and 3 were analyzed in the unstained state, i.e., without further section staining. The sections were analyzed with a LEO912 Omega electron microscope.
RESULTS
The Golgi apparatus of PSCs surrounds the centrioles in proximity to the cell nucleus (Figs. 1, 2). One of the centrioles forms the basal body of a structure embedded in the cytoplasm close to the cell nucleus. The cilium-like structure is surrounded by the Golgi apparatus, measuring ϳ1.25 m in length and ϳ240 nm in diameter (Figs. 1, 3 ). Microtubules within this modified cilium surround its long axis in a coneshaped configuration. Along the long axis a couple of oval to round vesicles are centrally and sequentially located (Figs. 1c, 2, 4). The modified cilium structure forms a bent saber scabbard shape and its closed end is directed toward the cell surface without breaking it in any of our observations (Figs. 1c, 3a) . Because of these characteristics, as well as the two missing central microtubules, we refer to these structures as modified cilium. These cilium-like structures are present within the PSCs of all examined skeletal muscle samples. Longitudinal as well as cross sections through the modified cilium of the PSCs appear in longitudinal (Figs. 1, 8 ) and cross-sections of the muscle (not shown). With every modified cilium the plasmalemma of the PSC is deeply invaginated and reaches up to the basal body where the invaginated membrane forms a torus-like ring opening, whose cross-sectional view has a torus thickness of 62-150 nm (Figs. 1b,c, 2, 3b, 4) . Both in the mammal and the frog, a diffuse felt-like staining is located on the intracellular surface of the torus-like ring opening (Figs. 3b, 4) . Some section planes give the impression that this torus-like structure has small openings in the direction of the neighboring Golgi apparatus (Fig. 1b) . We believe that these openings are not artifacts because the imidazole-osmium postfixation outlines fine membrane continuities especially well. The position of the Golgi apparatus around the centrioles also brings it proximal to the perinuclear cistern (Fig. 2) . The membranes of the PSC facing the axon terminal run without basal membrane at intervals of ϳ20 nm in parallel to one another .
In the mammalian PSC the large and numerous vesicles of the Golgi apparatus face the numerous vesicles of the axon terminal (Figs. 5a,b, 7) . From both cell membranes, vesicles have been seen opening into the extracellular space between the facing membranes of the PSC and nerve cell (Fig. 6a,b) . After imidazole-osmium postfixation, both osmiophilic vacuoles in proximity to the Golgi apparatus (Figs. 1,  2, 3a) and osmiophilic precipitates in the middle of the Golgi lamellae can be found (Fig. 5b) . No osmio- Fig. 1 . a: Section of a mouse MEP. The body of the PSC caps the axon terminal (a). A modified cilium (3) is situated proximal to the nucleus (pn) and Golgi apparatus (ga) of the PSC; osmiophilic vacuole (ov); sole plate nucleus (sn); subsynaptic folds (f). b: subsequent section of a with a 35°tilt. The torus-like plasmalemmal widening (o) of the modified cilium opens to (3) the Golgi apparatus (ga). c: Detail of a. The modified cilium is surrounded by the Golgi apparatus (ga) which lies proximal to the perinuclear cistern (pc). The invaginated cell membrane surrounds the cilium shaft and forms a torus-like opening (o) at the base of the modified cilium. Vesicles (v) are situated in the center of the modified cilium instead of the two central microtubules found in normal cilia. The modified cilium does not protrude beyond the surface of the cell body (). Imidazole-osmium procedure, section not stained. Scale bars ϭ 1 m (a), 250 nm (b), 250 nm (c). Fig. 2 . Structure within a PSC of a mouse MEP. The perinuclear cistern ‫)ء(‬ opens directly to the Golgi apparatus (ga) that surrounds the modified cilium; basal body (bb), multivesicular body (mb), osmiophilic vacuole (ov), torus-like opening (o) at the base of the cilium shaft, vesicle lying centrally (rather than the microtubules) (v). Imidazole-osmium procedure, section not stained. Scale bar ϭ 500 nm. Fig. 3 . a: Section of a PSC of an MEP of Xenopus laevis. The modified cilium (3) does not extend beyond the surface of the PSC; end of the modified cilium extending to the cell surface (); Golgi apparatus (ga); osmiophilic vacuole (ov). b: Detail from a. One of the two centrioles forms the basal body (bb) of the modified cilium; toruslike opening (o); felt-like staining ‫.)ء(‬ Microtubules (mt) radiate from the basal body partially in the direction of the Golgi apparatus (ga). Osmium potassium ferrocyanide postfixation, section stained. Scale bars ϭ 1 m (a), 500 nm (b). philic precipitates, however, were found in this extracellular space. Even after successful lanthanum incubation this extracellular space between the PSC and the axon terminal is not filled with lanthanum (Fig. 8a,b) . The results, found in both mouse and frog, are summarized graphically in Fig. 9 .
DISCUSSION
The present investigation has shown that perisynaptic Schwann cells (PSCs) contain modified cilia. They are different from "normal" cilia because they are missing the two central microtubules normally paralleling its long axis. In their place, a pair of vesicles are sequentially situated on the long axis. The centriole areas in proximity to the nuclei appear to be the origin of these modified cilia. In all PSCs examined in every healthy animal, modified cilia were found. We assume that these modified cilia are a normal cell structure in these PSCs and their existence is not a degenerative modification occurring in the area of the MEP (Dennis and Miledi, 1974; Glazer et al., 1978) .
Comparable structures were observed in glia cells outside of the ependyma in the central and peripheral nervous system and they were designated "cilia" (Grillo and Palay, 1963 ; for review, see Peters et al., 1991) . Their organization, dimensions, and integration into the cell environment as described previously agree with our findings (Grillo and Palay, 1963) .
The existence of one only 2-3-m long cilium was interpreted as the transition of the cell into the G 0 stage in investigations of cell cultures (3T3, rat spleen) (Tucker et al., 1979) . Thus, the existence of the modified cilia in PSCs of adult mice and frogs can be interpreted as a sign of a very small division rate. In PSC, no cell divisions were observed during the contact between neurons and Schwann cells (for review, see Reynolds and Woolf, 1993) , nor did cell division occur in response to denervation (Connor et al., 1987) . The number of individually observed PSCs in adult mice in vivo remains unchanged over weeks and also after denervation (O'Malley et al., 1999) . On the other hand, the number of PSCs is assumed to increase in young muscles both through migration and through mitosis (Love and Thompson, 1998) .
According to the cell type, the position and size of the Golgi apparatus can vary. The Golgi apparatus is assumed to be distributed along the microtubules bundles in myelinating Schwann cells (Kidd et al., 1994) . These microtubule bundles are assumed to lie perinuclear and not to converge in the direction of the nucleus and/or the centrioles (Kidd et al., 1994) . In the PSCs as well as in many polarized eukaryotic cells (Thyberg and Moskalewski, 1999) the Golgi apparatus is juxtanuclear and is arranged around the centrioles. The presumption that the development of an extensive Golgi apparatus in PSC signals regeneration (Salpeter, 1987a) is contradicted by our observation of the limited Golgi apparatus localization proximal to the axon terminal in healthy animal specimens. Even if there is no evidence for a vesiclelike transmitter release from glia cells (Martin, 1992) , the Golgi apparatus we have described in the PSC suggests a material transport in the direction of the plasmalemma facing the axon terminal (Cole and Lippincott Schwartz, 1995; Drubin and Nelson, 1996; Rogalski and Singer, 1984) . Indeed the distance between the PSC and the axon has a similar dimension as a chemical synapse (Gray, 1995) . However, we could not verify characteristics of chemical synapse such as the presence of membrane thickening on the axonal side. Also, the few vesicles in contact with the plasmalemma facing the axon terminal cannot be interpreted as a characteristic of a chemical synapse. Nonetheless, the incorporation of myelin-associated glycoprotein in the cell membrane at the contact zone with the axon terminal was demonstrated, even though PSC do not form any myelin sheets (Georgiou and Charlton, 1999) . This glycoprotein is assumed to be involved in a dynamic mechanical link between the cytoskeleton of the PSC and the axon terminal (Kursula et al., 2001) . Unlike in myelinating Schwann cells, an alignment of the described cell organelles in the direction of the axon terminal exists in PSC so that by means of the cytoskeleton a directed dynamic mechanical link could be in operation. The open-ended base of the described modified cilium is considered to be a microtubule organizing center. Currently, no satisfactory explanation of the function of these modified cilia in PSCs has been published. Fig. 7 . Fine structures of the PSC of an MEP in a cross section through a mouse skeletal muscle fiber. The cell body of the PSC caps the axon terminal (a), nucleus of the PSC (pn). In part the axon terminal is only covered by a cytoplasmic sheet of the PSC (3). The Golgi apparatus (ga) is proximal to the nucleus of the PSC and the axon terminal; subsynaptic fold (f). Imidazole-osmium procedure, section not stained. Scale bar ϭ 1 m. Fig. 8 . a: Overview of a MEP after lanthanum incubation. Through the lanthanum incubation, the extracellular space in the muscle fiber-T-system (t) and subsynaptic folds (f) as well as the primary synaptic gutter () are marked. Whereas in the basal membrane of the sole plate, the axon terminal (a) and the PSC (large arrows) are marked by lanthanum, the gap (small arrows) between the perisynaptic Schwann cell and axon terminal is unmarked; nucleus of the PSC (pn); sole plate nucleus (sn). The slightly diagonal sectional view through a cilium shaft (c) is situated below the nucleus of the PSC. Lanthanum incubation, section not stained. Scale bar ϭ 1 m. b: Detail of a. The slightly diagonal view of the cilium shaft (c) is surrounded by the Golgi apparatus (ga), membrane of the cilium (). Lanthanum incubation, section not stained. Scale bar ϭ 500 nm. Fig. 9 . Three-dimensional graphic representation of an MEP with a PSC (psc) that caps the axon terminal (a); subsynaptic folds (f) with T-tubules (t) of the sole-plate. For better visualization of the modified cilium in the PSC, only a section through the cell nucleus (pn) and through the Golgi apparatus (ga) with its relations to the modified cilium (3) and/or the perinuclear cistern ‫)ء(‬ are represented. The modified cilium (c) does not extend beyond the cell surface. A part of the invaginated cell membrane was removed in order to visualize the interior of the modified cilium with its microtubules and the vesicles sequentially lying along the central axis (v).
